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Needle-like  Ti02(B)  powder  was  obtained  from  K2Ti409  precursor  by  ion  exchange  to  protons,  followed  by 
dehydration.  The  charge  and  discharge  characteristics  of  the  Ti02(B)  powder  were  investigated  as  a  high 
potential  negative  electrode  in  lithium-ion  batteries.  It  had  a  high  discharge  capacity  of  200-250  mAhg-1 
at  around  1.6  V  vs.  Li/Li+,  which  was  comparable  with  that  of  Ti02(B)  nanowires  and  nanotubes  prepared 
via  a  hydrothermal  reaction  in  alkaline  solution.  It  showed  very  good  cycleability,  and  gave  a  discharge 
capacity  of  170  mAhg-1  even  in  the  650th  cycle.  It  also  had  a  high  rate  capability,  and  gave  a  discharge 
capacity  of  106  mAhg-1  even  at  10  °C. 

In  most  of  ethylene  carbonate-based  solutions,  the  Ti02(B)  powder  exhibited  good  charge  and  dis¬ 
charge  characteristics.  However,  it  showed  a  poor  compatibility  with  LiBF4,  propylene  carbonate,  and 
7-butyrolactone.  The  Ti02(B)  powder  showed  good  cycle  performance  in  the  presence  of  a  non-flammable 
additive,  trimethyl  phosphate,  up  to  20vol.%,  and  a  high  tolerance  to  water  up  to  1000  ppm.  It  was  also 
found  that  inexpensive  A1  foil  can  be  used  as  a  current  collector  of  the  Ti02(B)  powder  instead  of  Cu  foil 
without  sacrificing  the  performance. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently  large-size  lithium-ion  batteries  (LIBs)  have  been  inten¬ 
sively  developed  for  use  in  electric  vehicles  and  for  energy  storage 
[1].  However,  there  remain  some  problems,  such  as  safety,  dura¬ 
bility,  and  cost,  to  be  solved  before  commercialization  of  large-size 
LIBs. 

Graphite  has  good  properties  as  a  negative  electrode  such  as  low 
operating  potential  (<0.25  V  vs.  Li/Li+)  and  excellent  cycleability  [2]. 
On  one  hand,  the  use  of  the  graphite  negative  electrode  is  the  major 
ground  for  the  advantages  of  LIBs:  high  voltage  (~4  V),  high  energy 
density  (~150  Wh  kg-1  and  ~400  Wh  dm-3 ),  and  high  energy  con¬ 
version  efficiency  in  charge  and  discharge  cycles  (>95%).  On  the 
other  hand,  some  of  the  safety,  durability,  and  cost  issues  origi¬ 
nate  in  the  graphite  negative  electrode.  For  example,  the  formation 
of  solid  electrolyte  interface  (SEI)  of  high  quality  is  inevitable  to 
obtain  good  charge-discharge  characteristics  for  the  graphite  neg¬ 
ative  electrode  [2,3],  which  requires  strict  control  of  water  content 
at  a  few  tens  of  ppm  in  the  electrolyte  solution  and  the  use  of 
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expensive  SEI-forming  additives  such  as  vinylene  carbonate  (VC) 
[4-6]  and  fluoroethylene  carbonate  (FEC)  [4,7,8].  It  is  also  recog¬ 
nized  that  many  of  safety  and  durability  issues  of  LIBs  are  related 
with  the  damage  and  growth  of  the  SEI  on  the  graphite  negative 
electrode. 

The  use  of  high  potential  negative  electrodes  working  at  poten¬ 
tials  >1.0  V  vs.  Li/Li+  is  one  of  the  ways  for  solving  these  safety, 
durability  and  cost  issues.  Though  the  use  of  high  potential  neg¬ 
ative  electrodes  spoils  some  of  the  advantages  of  LIBs,  such  as  high 
voltage  and  high  energy  density,  the  benefit  to  safety,  durability 
and  cost  will  surpass  the  sacrifice  in  voltage  and  energy  density 
for  use  in  large-size  batteries.  Li4Ti50i2  has  very  flat  charge  and 
discharge  curves  at  1.55  V  vs.  Li/Li+  with  good  cycleability  [9-11], 
and  is  one  of  the  promising  candidates  for  high  potential  neg¬ 
ative  electrodes  of  large-size  LIBs.  Unfortunately  the  charge  and 
discharge  capacity  of  Li4Ti50i2  is  limited  by  the  theoretical  one 
(175  mAh  g-1  and  607  mAh  cm-3 ),  which  is  unfavorably  lower  than 
that  of  graphite  (372  mAhg-1  and  855  mAh  cm-3).  It  has  recently 
reported  that  nanowires  and  nanotubes  of  Ti02(B),  which  are  pre¬ 
pared  via  a  hydrothermal  reaction,  have  a  high  capacity  in  the  range 
of  200-300  mAh  g-1  at  about  1.6  V  vs.  Li/Li+  with  good  cycleability 
[12-17].  Ti02(B),  which  is  a  metastable  phase  of  titanium  diox¬ 
ide,  has  a  theoretical  capacity  of  335  mAh  g-1  or  1246  mAh  cm-3, 
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assuming  that  all  Ti4+  ions  can  be  reduced  to  Ti3+  as 

Ti02(B)  +  Li+  +  e“  LiTi02  (1) 

The  theoretical  capacity  is  gravimetrically  comparable  with  and 
volumetrically  higher  than  that  of  graphite;  hence,  Ti02(B)  is 
another  potential  candidate  as  a  high  potential  negative  elec¬ 
trode.  However,  the  nanowires  and  nanotubes  are  prepared  via 
a  hydrothermal  reaction  in  alkaline  solution,  and  this  raises  the 
material  cost  of  Ti02(B). 

In  the  present  study,  a  precursor,  K2Ti409,  was  prepared  by 
a  solid-state  reaction,  and  Ti02(B)  powder  was  obtained  by  ion 
exchange  followed  by  dehydration  [18],  aiming  at  reducing  the 
material  cost  of  Ti02(B).  Fundamental  charge  and  discharge  charac¬ 
teristics  of  the  Ti02(B)  powder  were  investigated  as  a  high  potential 
negative  electrode  in  LIBs.  Furthermore,  the  effects  of  trimethyl 
phosphate  (TMP)  as  a  non-flammable  additive,  water  content  in  the 
electrolyte  solutions,  aluminum  current  collector  were  also  stud¬ 
ied  to  improve  the  performance  and  safety  and  to  reduce  the  cost 
of  batteries. 

2.  Experimental 

Ti02(B)  powder  was  prepared  via  a  solid-state  reaction  reported 
by  Feist  and  Davies  [18].  I<2C03  (Wako  Pure  Chemicals,  99.8%)  and 
anatase  Ti02  (Wako  Pure  Chemicals,  purity:  99.9%,  average  diame¬ 
ter:  20  nm)  powders  were  mixed  in  a  molar  ratio  of  1 :4,  and  calcined 
twice  at  1000  °C  for  24  h  to  obtain  K2Ti409  powder.  The  powder  was 
washed  with  highly  pure  water  and  was  immersed  in  1.0  M  HC1  for 
3  days  to  exchange  the  I<+  ions  to  protons.  The  resulting  protonated 
powder  was  dehydrated  at  500  °C  for  30  min  to  obtain  Ti02(B).  The 
powder  samples  were  analyzed  by  X-ray  diffraction  (XRD,  Rigaku, 
RINT2000)  and  field-emission  scanning  electron  miscroscopy  (FE- 
SEM,  JEOL,  JSM7001 FD). 

The  Ti02(B)  powder  was  mixed  with  Ketjen  Black  (LION, 
EC600JD)  and  poly(vinyliden  difluoride)  (PVDF,  Kureha,  KF  Poly¬ 
mer)  at  a  weight  ratio  of  8:1:1,  using  l-methyl-2-pyrrolidinone 
(Wako  Pure  Chemicals,  reagent  grade)  as  a  solvent,  to  make  a  vis¬ 
cous  slurry.  The  slurry  was  coated  on  a  copper  foil  current  collector 
with  a  surface  area  of  0.785  cm2,  and  then  dried  overnight  at  80  °C 
under  vacuum.  The  loading  of  the  active  material  was  ca.  0.5  g  cm-2 , 
and  the  thickness  of  the  electrode  layer  was  ca.  100  |xm.  In  some 
experiments,  aluminum  foil  was  used  as  a  current  collector.  Nat¬ 
ural  graphite  powder  (Kansai  Coke  and  Chemicals  Co.,  NG-7)  was 
used  as  a  negative  electrode  material  for  comparison.  The  graphite 
powder  was  mixed  with  PVDF  at  a  weight  ratio  of  9:1,  and  coated 
on  a  copper  foil  current  collector  in  a  similar  manner  [4]. 

The  electrolyte  solutions  used  in  the  present  study  were  1.0  M 
LiC104  dissolved  in  a  1:1  mixture  (by  volume)  of  ethylene  carbon¬ 
ate  (EC)  and  diethyl  carbonate  (DEC),  1.0  M  LiBF4/EC  +  DEC  (1:1), 
1.0  M  LiPF6/EC  +  DEC  ( 1 : 1 ),  1.0  M  LiN(S02CF3  )2/EC  +  DEC  ( 1 : 1 ),  1.0  M 
LiN(S02C2F5)2/EC  +  DEC  (1:1),  1.0  M  LiC104 /propylene  carbonate 
(PC)  +  DEC  ( 1 : 1 )  and  1.0  M  LiBF4/7-butyrolactone  (GBL)  +  DEC  ( 1 : 1 ). 
All  these  solutions  were  of  lithium  battery  grade  purchased  from 
Kishida  Reagent  Chemicals.  The  water  contents  in  these  solutions 
were  lower  than  30  ppm,  which  were  confirmed  with  a  Karl  Fischer 
moisture  meter  (Kyoto  Electronics  MFG,  MKC-610). 

The  effects  of  trimethyl  phosphate  (TMP,  Wako  Pure  Chemicals, 
reagent  grade)  were  investigated  as  a  non-flammable  additive.  It 
was  added  by  20  vol.%  and  40  vol.%  to  1.0  M  LiN(S02CF3)2/EC  +  DEC 
(1:1),  and  dried  over  4A  molecular  sieves  for  weeks.  The  solution 
was  used  for  electrochemical  measurements  after  the  water  con¬ 
tent  decreased  below  50  ppm. 

Two-electrode  half  cells  were  constructed  from  the  Ti02(B) 
electrode,  a  separator  (Celgard®  2326)  and  a  lithium-foil  counter 


electrode  (Honjo  Metal)  in  argon-filled  glove  box  (Miwa,  MDB- 
1B  +  MM3-P60S)  with  a  dew  point  lower  than  -60  °C.  Charge  and 
discharge  characteristics  were  measured  at  a  C/6  rate  between  1.0  V 
and  3.0  V  at  30  °C,  unless  otherwise  noted,  using  a  battery  test  sys¬ 
tem  (Hokuto  Denko,  HJ1001SM8).  In  the  present  study,  lithium-ion 
insertion  into  and  extraction  from  Ti02(B)  are  denoted  as  charging 
and  discharging,  respectively,  considering  the  role  of  Ti02(B)  as  a 
negative  electrode  in  LIBs. 

3.  Results  and  discussion 

3.1.  Characterization  of  Ti02(B)  powder 

The  formation  of  Ti02(B)  phase  after  the  dehydration  process 
was  confirmed  by  XRD  analysis  (JCPDS  35-0088).  Unfortunately, 
the  Ti02(B)  powder  was  not  a  single  phase,  but  contained  a  small 
amount  (several  percents)  of  the  anatase  phase,  which  was  proba¬ 
bly  formed  in  the  final  dehydration  process  at  500 °C  [18].  Fig.  1 
shows  an  SEM  image  of  the  Ti02(B)  powder.  The  powder  has  a 
needle-like  structure  with  a  diameter  of  ca.  250  nm  and  a  length  of 
ca.  2  [xm.  The  shape,  needle-like  structure,  is  characteristic  of  the 
K2Ti409  precursor,  and  did  not  changed  appreciably  after  the  ion 
exchange  and  dehydration  processes.  Hence  the  shape  of  Ti02(B)  is 
determined  in  the  first  calcination  process. 

3.2.  Fundamental  charge  and  discharge  characteristics  in  1.0 M 
LiCl04/EC  +  DEC(l:l) 

Fig.  2  shows  the  charge  and  discharge  curves  at  a  C/6  rate  of 
the  Ti02(B)  powder  in  1.0  M  LiC104  dissolved  in  EC  +  DEC  (1:1). 
The  Ti02(B)  powder  showed  a  sloping  plateau  at  ca.  1.6  V  on  the 
charge  and  discharge  curves,  which  are  similar  to  those  reported 
for  Ti02(B)  nanowires  and  nanotubes  [12-17].  The  initial  dis¬ 
charge  capacity  was  246  mAh  g-1,  which  is  higher  than  that  of 
Li4Ti50i2  [9-11]  and  comparable  with  that  of  Ti02(B)  nanowires 
and  nanotubes  [12-17].  A  considerably  high  irreversible  capac¬ 
ity  (123  mAhg-1 )  was  observed  in  the  first  cycle,  but  disappeared 
in  the  second  and  the  subsequent  cycles.  Lower  discharge  rates 
did  not  appreciably  decrease  the  irreversible  capacity;  hence,  the 
high  irreversible  capacity  is  not  due  to  a  slow  kinetics  of  the 
reaction.  In  contrast,  when  the  lower  potential  limit  was  set  at 
1.4  V  (not  shown),  the  irreversible  capacity  decreased  greatly  to 
ca.  40  mAh  g-1 .  Hence  the  high  irreversible  capacity  most  probably 
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Fig.  1.  SEM  image  of  Ti02(B)  powder  prepared  from  I^TUOg  precursor  by  ion 
exchange  and  dehydration. 
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Fig.  2.  Charge/discharge  curves  ofTi02(B)  at  C/6  in  1  M  LiC104/EC  +  DEC  (1:1). 


originated  from  surface  reactions,  such  as  solvent  decomposition, 
at  potentials  <1.4  V. 

The  cycleability  at  C/6  and  rate  capability  of  the  Ti02(B)  pow¬ 
der  is  shown  in  Fig.  3.  The  Ti02(B)  powder  exhibited  very  good 
cycleability.  After  an  initial  drop  in  discharge  capacity,  high  dis¬ 


charge  capacities  of  ca.  200  mAh  g-1  with  Coulombic  efficiencies 
close  to  100%  were  stably  obtained.  The  discharge  capacity  as  high 
as  170  mAh  g-1  was  obtained  even  in  the  650th  cycle.  The  good 
cycleability  indicates  a  high  structural  integrity  of  Ti02(B),  though 
Ti02(B)  is  a  metastable  phase.  The  Ti02(B)  powder  showed  a  high 
rate  capability  as  well.  Even  at  a  high  rate  of  10  C,  it  gave  a  discharge 
capacity  of  106  mAh  g-1,  which  is  about  a  half  of  that  obtained  at 
low  rates.  Ti02(B)  is  an  insulator,  but  the  insertion  of  Li+  ions  on 
charging  produces  Ti3+  ions  in  the  lattice,  and  gives  a  good  elec¬ 
tronic  conductivity.  The  high  rate  capability  probably  originates 
from  the  good  electronic  conductivity  by  the  formation  of  Ti3+, 
which  is  similar  to  Li4Ti50i2.  The  results  in  Figs.  2  and  3  revealed 
that  the  Ti02(B)  powder  is  very  promising  as  a  high  potential  neg¬ 
ative  electrode  material  in  large-size  LIBs  with  high  capacity,  good 
cycleability,  high  rate  capability,  and  low  cost. 

3.3.  Charge  and  discharge  characteristics  in  different  electrolyte 
systems 

The  charge  and  discharge  characteristics  of  Ti02(B)  at  C/6 
in  different  electrolyte  solutions  are  summarized  in  Fig.  4. 
Ti02(B)  showed  good  cycleability  with  a  high  discharge  capacity 
of  ca.  200  mAh  g-1  in  most  of  the  EC-based  electrolyte  solu¬ 
tions.  The  charge  and  discharge  curves  in  1.0  M  LiPF6/EC  +  DEC 
(1:1)  are  shown  in  Fig.  5.  The  irreversible  capacity  in  1.0  M 
LiPFg/EC  +  DEC  (1:1)  was  much  lower  (43  mAh  g-1)  than  that 
in  1.0  M  LiC104/EC  +  DEC  (1:1)  shown  in  Fig.  2.  Similar  results 
were  obtained  in  1.0M  LiN(S02CF3)2/EC  +  DEC  (1:1)  and  1.0 M 
LiN(S02C2F5)2/EC  +  DEC  (1:1),  though  these  solutions  gave  slightly 
higher  irreversible  capacities  (65  mAh  g-1  and  67  mAh  g-1 ,  respec¬ 
tively)  than  1.0  M  LiPF6/EC  +  DEC  (1:1).  The  lower  irreversible 
capacities  were  obtained  in  these  solutions,  probably  because 
the  fluorine-containing  electrolyte  salts  (LiPF6,  LiN(S02CF3)2,  and 
LiN(S02C2F5)2)  suppress  surface  reactions  such  as  solvent  decom¬ 
position  at  potentials  <1.4  V. 

In  contrast,  LiBF4  electrolyte  salt  gave  a  low  discharge  capacity, 
and  PC  and  GBL  solvents  gave  poor  cycleability  as  shown  in  Fig.  4. 
The  use  of  PC  and  GBL  instead  of  EC  as  a  primary  solvent  is  attractive 
because  they  would  improve  the  charge  and  discharge  characteris¬ 
tics  at  low  temperatures  [4].  In  these  solutions,  the  initial  discharge 
capacity  was  high  (ca.  200  mAh  g-1),  but  the  capacity  decreased 
gradually  in  PC  +  DEC  (1:1)  and  rapidly  in  GBL  +  DEC  (1:1).  Post¬ 
mortem  analysis  revealed  that  many  cracks  and  bulges  were  formed 
on  the  electrode  surface  after  cycled  in  these  solutions.  Therefore 


Fig.  3.  Cycleability  at  C/6  (a)  and  rate  capability  (b)  of  Ti02(B)  in  1  M  LiC104/EC  +  DEC 
(1:1).  The  charge  rate  was  equivalent  to  the  discharge  rate  for  rate  capability  mea¬ 
surements. 
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Fig.  5.  Charge/discharge  curves  ofTi02(B)  at  C/6  in  1  M  LiPF6/EC  +  DEC  (1:1). 


the  poor  cycleability  in  PC  +  DEC  and  GBL  +  DEC  is  closely  related 
with  solvent  decomposition  and  excessive  surface  film  formation. 
Effective  additives  are  needed  to  suppress  solvent  decomposition 
in  these  solvents. 

It  is  widely  recognized  that  graphite  negative  electrode  is  very 
sensitive  to  water  [2],  by  which  we  use  highly  purified  electrolyte 
solutions  with  a  very  low  water  content  (usually  lower  than  a  few 
tens  of  ppm)  for  LIBs.  The  effects  of  water  on  the  charge  and  dis¬ 
charge  characteristics  of  Ti02(B)  and  graphite  (NG7)  are  shown 
in  Fig.  6.  Here  we  used  LiN(S02C2F5)2  to  avoid  the  hydrolysis  of 
electrolyte  salts.  The  graphite  negative  electrode  exhibited  a  high 
capacity  of  ca.  370  mAhg-1  in  the  initial  cycle,  which  is  very  close 
to  the  theoretical  capacity  (372 mAhg-1).  At  a  low  water  con¬ 
tent  (10  ppm),  it  showed  good  cycleability;  however,  the  capacity 
decreased  significantly  with  cycle  number  at  a  water  content  of 
100  ppm.  In  contrast,  Ti02(B)  exhibited  a  very  high  tolerance  to 
water.  As  shown  in  Fig.  6,  the  cycleability  of  Ti02(B)  did  not  change 
appreciably  even  at  a  water  content  of  1000  ppm.  This  high  toler¬ 
ance  to  water  of  Ti02(B)  is  one  of  advantages  over  graphite,  and 
may  greatly  reduce  the  purification  cost  of  solvent. 

Safety  is  one  of  the  important  issues  in  large-size  LIBs.  Non¬ 
flammable  electrolyte  solutions  are  attractive  to  improve  the  safety 
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Fig.  6.  Effects  of  water  content  on  the  charge  and  discharge  characteristics  of  natu¬ 
ral  graphite  (NG7)  and  Ti02(B)  negative  electrodes  in  1.0  M  LiN(S02C2F5)2/EC  +  DEC 
(1:1).  Charge  and  discharge  rate:  C/6. 
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Fig.  7.  Effects  of  a  non-flammable  additive,  TMP,  on  the  charge  and  discharge  char¬ 
acteristics  of  Ti02(B)  in  LiN(S02C2F5 )2/EC  +  DEC  (1:1).  Charge  and  discharge  rate: 
C/6. 

of  LIBs.  It  has  been  reported  that  TMP  is  effective  as  a  non¬ 
flammable  additive  [19-21].  For  example,  in  the  case  of  EC  +  DEC 
(1:1)  solvent  systems,  20vol.%  addition  of  TMP  makes  the  sol¬ 
vent  self-extinguishable,  and  30  vol.%  addition  non-flammable  [21  ]. 
Unfortunately  TMP  has  poor  compatibility  with  graphite  negative 
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Fig.  8.  Charge  and  discharge  curves  (a)  and  cycleability  (b)  of  Ti02(B)  coated  on  Al 
current  collector  in  1  M  LiPF6/EC  +  DEC  (1:1).  Charge  and  discharge  rate:  C/6. 


584 


M.  Inaba  et  al  /  Journal  of  Power  Sources  189  (2009)  580-584 


electrode,  because  of  instability  of  TMP  at  potentials  <1.0  V  [19]. 
Fig.  7  shows  the  effects  of  TMP  on  the  charge  and  discharge  char¬ 
acteristics  of  Ti02(B)  in  1.0M  LiN(S02C2F5)2/EC  +  DEC  (1:1).  The 
addition  of  TMP  up  to  20  vol.%  (self-extinguishable)  did  not  change 
appreciably  the  cycleability  of  Ti02(B).  The  addition  of  40  vol.%  TMP 
decreased  the  capacity  to  ca.  150  mAh  g-1  in  the  several  initial 
cycles;  however,  the  cycleability  was  fairly  good  in  the  following 
cycles  up  to  the  50th  cycle.  It  is  hence  concluded  that  Ti02(B)  has 
a  good  compatibility  with  TMP,  which  enables  us  to  produce  large- 
size  LIBs  with  improved  safety. 

3.4.  Effects  of  aluminum  current  collector 

The  prices  of  metals,  not  only  precious  metals,  but  also  base  met¬ 
als,  have  been  increasing  lately,  which  is  now  a  serious  problem  in 
the  cost  of  LIBs,  especially  of  large-size  ones.  Copper,  which  is  exclu¬ 
sively  used  as  a  current  collector  for  graphite  negative  electrode  in 
LIBs,  is  one  of  such  price-rising  base  metals  (<$1.0/lb  in  2003  to 
$3.7/lb  in  July  2008)  [22].  Aluminum  is  much  less  expensive  than 
copper,  but  cannot  be  used  as  a  current  collector  for  graphite  nega¬ 
tive  electrode  because  Li-Al  alloy  is  formed  at  around  0.5  V  vs.  Li/Li+. 
However,  the  use  of  high  potential  negative  electrodes  working  at 
potentials  >1.0  V  may  allow  the  use  of  aluminum  as  a  current  col¬ 
lector.  Fig.  8  shows  charge  and  discharge  characteristics  of  Ti02(B) 
coated  on  an  Al  current  collector  in  1.0 M  LiPF6/EC  +  DEC(l:l).  As 
was  expected,  Ti02(B)  showed  good  charge  and  discharge  charac¬ 
teristics  on  the  Al  current  collector.  The  initial  discharge  capacity 
was  194mAhg_1  with  a  good  cycleability,  which  is  comparable 
with  that  obtained  on  the  Cu  current  collector  shown  in  Fig.  5. 
These  preliminary  data  are  encouraging  in  reducing  the  cost  of 
LIBs,  though  cycleability  in  much  more  extended  cycles  should  be 
investigated  for  practical  use. 

4.  Conclusions 

A  precursor,  K2Ti409,  was  prepared  by  a  solid-state  reaction, 
and  Ti02(B)  powder  was  obtained  by  ion  exchange  to  protons,  fol¬ 
lowed  by  dehydration.  The  Ti02(B)  powder,  which  has  a  needle-like 
structure,  showed  a  high  discharge  capacity  of  200-250  mAh  g-1  at 
around  1.6  V  vs.  Li/Li+.  The  discharge  capacity  was  higher  than  that 
of  Li4Ti50i2  and  was  comparable  with  that  of  Ti02(B)  nanowires 
and  nanotubes  prepared  via  a  hydrothermal  reaction  in  alkaline 
solution.  It  showed  very  good  cycleability,  and  gave  a  discharge 
capacity  of  170  mAh  g-1  even  in  the  650th  cycle.  It  also  showed 
a  high  rate  capability,  and  gave  a  discharge  capacity  of  106  mAh  g-1 
even  at  a  high  rate  of  10  C.  These  results  indicated  that  the  Ti02(B) 
powder  is  very  promising  as  a  high  potential  negative  electrode 
material  in  large-size  lithium-ion  batteries  with  high  capacity,  good 
cycleability,  high  rate  capability,  and  low  cost. 


The  charge  and  discharge  characteristics  of  the  Ti02(B)  pow¬ 
der  were  investigated  in  different  electrolyte  systems.  In  most 
of  EC-based  solutions,  the  Ti02(B)  powder  exhibited  good  charge 
and  discharge  characteristics.  However,  it  showed  a  poor  compat¬ 
ibility  with  LiBF4,  PC,  and  GBL.  It  was  considered  that  the  poor 
compatibility  is  due  to  solvent  decomposition  and  excessive  sur¬ 
face  film  formation  in  these  electrolyte  solutions.  The  Ti02(B) 
powder  showed  good  cycle  performance  in  the  presence  of  a 
non-flammable  additive,  TMP,  up  to  20  vol.%,  and  showed  a  high 
tolerance  to  water  up  to  1000  ppm.  It  was  also  found  that  inexpen¬ 
sive  aluminum  foil  can  be  used  as  a  current  collector  of  the  Ti02(B) 
powder  instead  of  copper  foil  without  sacrificing  the  performance. 

The  discharge  capacity  (200-250  mAh  g-1)  of  Ti02(B)  obtained 
in  the  present  study  was  higher  than  that  of  Li4Ti50i2,  but 
was  considerably  lower  than  the  theoretical  capacity  of  Ti02(B) 
(335  mAhg-1 ).  The  reason  is  not  clear  at  present,  and  our  next  goal 
is  to  improve  the  reversible  capacity  as  high  as  possible. 
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